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Abstract. In this article, the authors present an approach that makes it possible, by making
minimal changes to the design of an eccentric-pendulum vibration stand, to increase its operating
efficiency. To achieve this, the non-resonant vibration system of the vibration stand was converted
into a resonant one. The resonant elastic unit was located in place of the vibration isolators that
were installed on the frame. The frame itself was placed on vibration isolators. This approach
allowed the non-resonant vibration system to be converted into a resonant one, where the functions
of one of the oscillating masses were performed by the frame. The mass of the entire structure
remained practically unchanged, and the operating efficiency of the newly formed vibration
system increased significantly. To confirm this, the amplitude-frequency characteristics of both
vibration systems were analyzed. It was proved that the resonant vibration system operating in
near-resonant conditions exhibits significantly higher working-body vibration amplitudes. It was
assumed that the excitation forces acting on the oscillating masses, and therefore their oscillations,
followed a harmonic law. Thus, the results presented in this article confirmed the possibility of
increasing the vibration amplitudes of a non-resonant eccentric-pendulum vibration stand by
converting the non-resonant vibration system into a resonant one, while requiring only minimal
design changes and, consequently, minimal resources.

Keywords: non-resonant vibration system, resonant vibration system, harmonic oscillations, pre-
resonant operating mode, amplitude-frequency characteristic.

1. Introduction

Currently, in industry, various vibration stands and vibration machines are used to test products
under alternating cyclic loads or to perform various technological operations related to vibration
hardening or vibration compaction of products. In general, such equipment can be divided into
resonant and non-resonant systems. Each type has its own advantages and disadvantages. Thus,
non-resonant vibration equipment is structurally simple and inexpensive to maintain, while
resonant equipment is structurally more complex and more expensive. At the aircraft structural
level, fatigue strength and damage tolerance requirements are governed by FAA 14 CFR Part
23/25, EASA CS-23/CS-25, and the military standard MIL-HDBK-1530, which establishes the
Aircraft Structural Integrity Program (ASIP) framework for ensuring the aircraft structural
integrity.
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A large number of scientists have contributed to the development of both types of vibration
equipment. Current investigations are directed toward broadening the functional potential of
vibration technologies by introducing novel designs of vibratory equipment [1] and by improving
the efficiency of existing systems through the optimization of their operating parameters [2].
Considerable research has also been dedicated to determining optimal trajectories of motion for
vibrating working elements [3], together with refining amplitude-frequency responses to ensure
stable resonant conditions and maximize system performance [4].

Another important area of research concerns the dynamic characteristics of inertial vibration
exciters [5], where various approaches have been proposed to enhance their functional and
operational performance [6]. Mathematical modeling continues to play a central role in vibration
engineering, serving as a powerful tool for analyzing, predicting, and optimizing the behavior of
vibration systems [7]. At the same time, ongoing studies address the dynamic processes occurring
in vibratory machines [8], examine the synchronization phenomena of inertial vibration exciters
[9], and develop advanced control methodologies aimed at improving system stability, energy
efficiency, and operational reliability [10].

Studies [11] and [12] investigated the possibility of modernizing vibration technological
equipment by converting two-mass resonant vibration systems into three-mass inter-resonant
vibration systems. This allowed the operating efficiency of such equipment to be increased. Study
[13] proposed an approach for converting single-mass vibration machine designs into two-mass
resonant ones. The studies presented in [14, 15] are of particular interest, as they propose a
methodology for developing inter-resonant vibration machines equipped with eccentric drives.
However, implementing these modifications requires significant structural changes, namely the
introduction of an additional oscillating mass into the vibration system. This requires significant
time and financial resources.

In this article, the authors present an approach that makes it possible to increase the operating
efficiency of an eccentric-pendulum vibration stand by making minimal changes to its design.

2. Description of the vibration system of a non-resonant eccentric-pendulum vibration stand

Fig. 1(a) shows the vibration system of a non-resonant vibration stand of the eccentric-
pendulum type [16]. The active oscillating mass 1, with an inertia of m,, is connected to the
reactive oscillating mass 2 through a shaft 3 with eccentricity €. The reactive oscillating mass 2,
with an inertia of m,, is freely suspended on the eccentric shaft 3 and acts as a pendulum. The
entire vibration system is installed on the foundation through vibration isolators 4, having a
stiffness coefficient of c;,. The vibration isolators are fixed to the lower part of the active
oscillating mass 1. The glider wing 5 is rigidly fixed to the active oscillating mass 1, serving as
the working body. This vibration stand was developed specifically to study the vibration resistance
of the glider wing.

The rotational motion of the rotor of the electric motor 6 with an angular frequency w is
transmitted through the petal clutch 7 to the shaft 3 with eccentricity €. As a result, the oscillating
masses 1 and 2 are set in motion. To simplify the presentation of the material, it is assumed that
the motions of both oscillating masses occur along a linear coordinate x (Fig. 1(b)). The influence
of properly selected vibration isolators on the dynamic behavior of the system is negligible.
Accounting for the vibration isolators changes the calculated vibration amplitudes by no more
than 3 % [13]. Therefore, the stiffness of the vibration isolators is neglected in the subsequent
analysis. In this case, the amplitudes of the oscillations of masses 1 and 2 in the frequency domain
w are determined using the dependencies [13]:

em,

Xi(w) = p—— Q)
em;

Xo(w) = Tt my )
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Analyzing Eq. (1) and (2), it can be observed that the relative amplitude of the oscillations of
both masses X ;(w) — X ,(w) = & remains constant over the entire frequency range w. In order
to increase the efficiency of the functioning of the non-resonant eccentric-pendulum vibration
stand (Fig. 1), it was decided to convert its vibration system into a resonant one, using minimal
structural changes.
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Fig. 1. 3D model and simplified schematic diagram of the non-resonant eccentric-pendulum vibration
stand, where: 1 — active oscillating mass; 2 — reactive oscillating mass in the form of a pendulum;
3 — shaft with eccentricity €; 4 — vibration isolators; 5 — glider wing cantilever-mounted
on the active oscillating mass 1; 6 — electric motor; 7 — petal clutch

3. Description of the vibration system of the resonant eccentric-pendulum vibration stand

Most vibration equipment is installed on the foundation through the frame. The frame serves
solely as a supporting structure and does not participate in the dynamic processes. This also applies
to the vibration stand in Fig. 1. However, if instead of vibration isolators connecting the vibration
system to the frame, resonant elastic elements 9 are replaced (Fig. 2), and the frame 8 is installed
on vibration isolators 4, then a resonant vibration system can be obtained. In this case, the frame
8 will perform the function of oscillating mass and will be set in motion kinematically, namely
kinematically by the movement of the oscillating mass 1.
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Fig. 2. 3D model and simplified schematic diagram resonant eccentric-pendulum vibration stand, where:
8 — frame; 9 — resonant elastic elements, and the content of the remaining items is the same as in Fig. 1

To implement the resonant mode of operation in the vibration system in Fig. 2, it is necessary
that the stiffness coefficient of the elastic elements 9 be set according to the expression [13]:

o= (M) (“)2 3)

(my+my +m,) z
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where m, — inertial value of frame 8; 0 — angular frequency of forced oscillations (angular
frequency of rotation of shaft 3 with eccentricity € in steady-state modes); z — resonant tuning of
the vibration system.

The amplitudes of oscillations of masses 1, 2 and 8 in the frequency domain w for the vibration
system in Fig. 2 will be determined according to the expressions [13]:

em,c

Xo(w) = ——=, “)
_ 2
Xi(w) = - o), 5)
e(c(my +my) — mem;w?)

X,(w) = (6)

D )
where D = c(my + m; + m,) — myw?(m,; + m,).
4. Comparison of characteristics of vibration systems

Let us consider the case in which the parameters of the vibration systems have the following
values: my = 105 kg; m; =200 kg; m, = 154 kg; € =0.001 m; Q = 314 rad/s; z = 0.98. In this
case, using Egs. (1), (2) together with Egs. (4)-(6), the amplitudes of the mass oscillations in the
frequency domain for w the non-resonant and resonant, respectively, are of vibration systems
(Fig. 1 and Fig. 2, respectively), can be obtained, as shown in Fig. 3.
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Fig. 3. Amplitude-frequency characteristics of the non-resonant and resonant vibration systems of
eccentric-pendulum vibration stands shown in in Fig. 1 and Fig. 2, respectively

Analyzing the amplitude-frequency characteristics (Fig. 3), it can be seen that at an excitation
frequency of 0 =314 rad/s, the amplitude of the oscillations of the active masses of the non-
resonant and resonant vibration systems are: X ;(Q) = 044 mm and X;(Q)=2.1 mm,
respectively. Thus, the working body of the resonant vibration system exhibits a vibration
amplitude 4.8 times higher than that of the non-resonant system. The overload acting on the
working body & = XQ2/g, where g is the acceleration due to gravity, is equal to & = 4.4 and
& =21 for the non-resonant and resonant systems, respectively. Such an increase in the operating
efficiency is achieved by converting the support frame into an oscillating mass.

However, it is necessary to analyze the ratio of the power consumption of the two vibration
systems in order to properly assess their operating efficiency. For the vibration system shown in
Fig. 1, the drive power consumption N; is proportional to the expression [13]:
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1 mym
N, « = 293(#). 7
1%32¢ (my + my) )

For the vibration system shown in Fig. 2, the drive power consumption N, is proportional to
the expression:

| mim, mymsc
|(m1 +m,) ((m1 + mz)D(Q)) '

1
NZ o4 58203 (8)

where D(Q) = c(my + m; + my) — meQ2(m; + m,).

Using the parameters specified above, the following ratio is obtained: N, /N; = 5.5. Thus, the
drive power consumption of the resonant vibration system is 5.5 times higher than that of the
non-resonant two-mass vibration system. This is because the working body of the resonant
vibration system exhibits a significantly larger vibration amplitude than the working body of the
non-resonant system. If the vibration amplitudes of the working bodies of both systems are
equalized by setting the vibration amplitude of the working body of the resonant vibration system
to X;(Q) =0.44 mm (when ¢ =0.000212 m), the resonant vibration system will require one-
quarter of the drive power required by the non-resonant system. Therefore, when compared under
identical operating conditions, i.e., at the same vibration amplitude of the working body, the
resonant vibration system demonstrates substantially higher energy efficiency. Consequently,
resonant vibration systems remain a more energy-efficient solution.

5. Conclusions

Thus, the approach proposed by the authors makes it possible to increase the operating
efficiency of the non-resonant eccentric-pendulum vibration stand (Fig. 1) while requiring only
minimal changes to its design. To achieve this, the non-resonant vibration system of the vibration
stand was converted into a resonant one (Fig. 2), in which a resonant elastic unit was installed in
place of the vibration isolators. In this case, the frame was converted into an oscillating mass. To
prevent the transmission of vibrations to the foundation, the frame was placed on vibration
isolators. The mass of the entire structure remained practically unchanged, and the operating
efficiency of the newly formed vibration system increased significantly. Thus, the working body
of the resonant vibration system exhibits a 4.8 higher vibration amplitude than that of the
non-resonant system (Fig. 3).

The approach proposed by the authors can be used to increase the operating efficiency of
non-resonant vibration systems used in vibration stands or vibration machines, provided that
acceptable dynamic operating conditions can be ensured. The mass of the overall structure remains
practically unchanged, whereas the operating efficiency of the newly formed vibration systems
increases significantly.
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